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Quantum repeaters – important components of a scalable quantum internet – enable the entanglement
to be distributed over long distances. The standard paradigm for a quantum repeater relies on a necessary
demanding requirement of quantum memory. Despite significant progress, the limited performance of
quantum memory makes practical quantum repeaters still a great challenge. Remarkably, a proposed all-
photonic quantum repeater avoids the need for quantum memory by harnessing the graph states in the
repeater nodes. Here we perform an experimental demonstration of an all-photonic quantum repeater
using linear optics. By manipulating a 12-photon interferometer, we implement a 2×2 parallel all-photonic
quantum repeater, and observe an 89% enhancement of entanglement-generation rate over the standard
parallel entanglement swapping. These results open a new way towards designing repeaters with efficient
single-photon sources and photonic graph states, and suggest that the all-photonic scheme represents an
alternative path – parallel to that of matter-memory-based schemes – towards realizing practical quantum
repeaters.
Recent years have seen enormous interest in quantum
communication driven by its remarkable features of se-
cure communication [1], quantum teleportation [2] and
distributed quantum computing [3]. Photons are consid-
ered to be the optimal medium for quantum communica-
tion because of their flying nature and compatibility with
current telecommunications networks. However the max-
imum communication distance is currently severely lim-
ited by photon loss in quantum channels, such as opti-
cal fibres. One viable solution is to use satellites as re-
lays to transmit photons over a free-space channel [4, 5].
In fibre-based telecommunications networks, quantum re-
peaters are believed to be the most promising way to over-
come the distance limit [6]. The standard paradigm for a
quantum repeater [7, 8] consists of three basic technologies
namely entanglement swapping [9, 10], entanglement pu-
rification [11, 12] and quantum memory [13–15]. Recently,
significant progress has been made both theoretically [16–
18] and experimentally [19–21]. However, the limited per-
formance of current quantum memories [22] remains a ma-
jor obstacle in realizing practical quantum repeaters unless
there is a future experimental breakthrough.
An all-photonic quantum repeater [23] eliminates the
need of matter quantum memories. The main concept is
analogous to the idea behind measurement-based quan-
tum computation [24]. Unlike conventional repeaters (e.g.,
Fig. 1a), the all-photonic scheme introduces an explicit con-
struction of a repeater graph state (RGS) consisting of a
complete subgraph of K core photons each connected to
an additional photon to form K external arms. Fig. 1b
shows an example with K = 4. This approach presents the
resilience against photon loss, and also avoids the coher-
ence time limitations of quantum memories and the long-
distance heralding requirement. These features have led to
all-photonic quantum repeaters attracting much attention
recently [25–30].
Here, we demonstrate an all-photonic quantum repeater
experimentally by manipulating 12 photons generated by
6 independent spontaneous parametric down-conversion
(SPDC) crystals. We construct a 12-photon interferometer
and verify the ability of manipulating 12 photons by mea-
suring the photon distribution in the Z basis, where Z is the
Pauli matrix σZ . We successfully demonstrate the concept
of all-photonic quantum repeater by realizing an enhance-
ment of entanglement generation rate compared with the
conventional parallel entanglement swapping.
First, we explain the theory behind the all-photonic
scheme by considering an entanglement swapping proto-
col, which is an important way of sharing Einstein-Podolsky-
Rosen (EPR) pairs over long distances. To obtain higher suc-
cess rates and longer distribution distances, we can employ
M parallel channels and N repeater nodes. Fig. 1a shows a
simple example with M = 2 channels and N = 1 repeater
node (Charlie). In such parallel schemes, the entanglement
generation rate still decays exponentially with respect to
the number of nodes N , because a successful event is pro-
duced only when all EPR pairs in the same row survive. If
each EPR pair has a survival probability η, the overall en-
tanglement generation rate is MηN+1. Remarkably, if the
repeater nodes can generate an RGS, as shown in Fig. 1b,
the RGS can serve as a switch that connects EPR pairs in
different parallel channels. This enables the entanglement
generation rate to reach MN+1ηN+1, which represents an
O(MN ) increase over conventional repeaters without mem-
ory. In theory, a large RGS can replace matter quantum
memories in a repeater node, thus allowing us to realise an
all-photonic quantum repeater [23, 26, 27].
Demonstrating all-photonic quantum repeater experi-
mentally is challenging, due to the difficulty of preparing
a large RGS. To simplify the implementation, we create an
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FIG. 1. Overview of the all-photonic quantum repeater protocol. a, Simple example of conventional quantum repeaters with 2
parallel channels and 1 repeater node (Charlie). b, A 2× 2 example for the all-photonic scheme as proposed in ref. [23] without loss-
tolerant encoding. c, Simplified protocol of a 2×2 parallel all-photonic quantum repeater by replacing the RGS with a four-photon GHZ
state. d, Passive-choice measurement (PCM) device. This performs a Bell state measurement (BSM) when two photons enter the device
simultaneously, but a standard projection measurement in X basis with only one photon.
experimentally feasible scheme, as shown in Figs. 1c and d.
In the original proposal (see Fig. 1b), the essence of RGS
at the repeater nodes is to switch between two functions,
(i) establishing entanglement if the entanglement genera-
tion succeeds; and (ii) disentangling the qubit if the entan-
glement generation fails. We utilize the GHZ state and the
passive choice measurement (PCM) to realize the switching
between those two functions. On the one hand, GHZ state
is local-unitary equivalent to a complete graph state. If we
perform the Bell state measurement (BSM) between a qubit
composing an m-partite GHZ state and a qubit composing
another n-partite GHZ state, we obtain an (m+n−2)-partite
GHZ state, which establishes the entanglement. If we per-
form the X -basis measurement on the GHZ state, we can
disentangle the unwanted qubit. One the other hand, we
design the PCM to perform the switching passively, in or-
der to make it possible with fewer single photons. Specif-
ically, the PCM performs a BSM when a coincident detec-
tion occurs in the two outputs of the circular polarisation
beam splitter (CPBS), whereas it automatically performs a
standard projection measurement in the X basis when the
photon is detected only in one of the two outputs of the
CPBS (see Supplementary Information). By doing so, we do
not need the active feed-forward operation to decide which
photon would be connected or disconnected. Note also that
the repeater node, Charlie, uses a delayed preparation of
the GHZ-state which means that Charlie prepares the GHZ
state just before the arrival of photons from Alice and Bob.
This could enable us to assume that the GHZ state is lossless
compared with the photons sent from distant nodes of Alice
and Bob.
Fig. 2 shows an overview of the experimental setup.
A pulsed ultraviolet laser with a central wavelength of
390 nm, a pulse duration of 150 fs and a repetition rate of
80 MHz is subsequently focused on six sandwich-like com-
binations of β-barium borate crystals (C-BBO) to generate
six EPR pairs |Φ+i, j〉 via the SPDC processing. Each C-BBO
consists of a half wave plate (HWP) sandwiched between
two 2-mm-thick, identically cut β-barium borate crystals.
Here, |Φ+i, j〉 = (|HH〉 + |VV 〉)/
p
2, where |H〉 and |V 〉 de-
note the horizontal and vertical polarisation states of a sin-
gle photon. To remove frequency distinguishability among
the independent photons, we apply narrow bandpass fil-
ters with full width at half maximum (FWHM) wavelengths
of λFWHM = 3 nm and λFWHM = 8 nm to the e-ray and
o-ray photons respectively. With filtering, the overall sys-
tem efficiency is quantified to be 38% on average. We typ-
ically operate each C-BBO at a down-conversion probabil-
ity p = 0.0344 ± 0.0001, obtaining a twofold coincidence
counting rate of 3.97× 105 s−1 for each of the 6 EPR pairs
with a pump power of 500 mW. The fidelity of each EPR
pair is above 96%.
Of the six EPR pairs, |Φ+1,2〉 and |Φ+3,4〉 (|Φ+9,10〉 and |Φ+11,12〉)
belong to Alice (Bob), while |Φ+5,6〉 and |Φ+7,8〉 belong to
Charlie. And the EPR pairs of Charlie are used to pre-
pare the four-photon GHZ state. By overlapping the pho-
tons 5&7 on a PBS, we obtain the four-photon GHZ state
|GHZ4〉 = (|HHHH〉 + |VVVV 〉)/p2. After preparation,
photons 2, 3, 6 and 7 (5, 8, 9 and 12) are send to the node
C1 (C2). Then, four PCMs are performed on photons 2&6,
3&7, 5&9, 8&12. Here, we use movable prisms to adjust the
time delays of independent photons. The CPBS in each PCM
3FIG. 2. The experimental set-up. An ultrafast ultraviolet (UV) pump laser passes through six separate sandwich-like BBO+HWP+BBO
architectures (C-BBO), generating six entangled photon pairs |Φ+i, j〉 = (|HH〉+ |VV 〉)/
p
2 via SPDC processing. Photons 5&7 are over-
lapped on a polarising beam splitter (PBS) to prepare a 4-bit GHZ state |GHZ4〉 = (|HHHH〉+ |VVVV 〉)/p2. The photons 2&6, 3&7,
5&9, 8&12 are guided to four PCM devices, each consisting of a circular-PBS (CPBS, implemented by a PBS centered among four HWP
at 22.5◦), followed by two PBS and four single-photon detectors. Depending on the measurement results , we obtain entangled state
between photon pairs 1&11, 4&11, 1&10 and 4&10. Bandpass filters with FWHM wavelengths of λFWHM = 3 nm and λFWHM = 8 nm
are applied to the e-ray and o-ray photons respectively to remove frequency information. SC-YVO4 and TC-YVO4 represent spatial
compensation (SC) and temporal compensation (TC) YVO4 crystals.
device is realised by a normal PBS with four HWPs at 22.5◦.
A quarter-wave plate, an HWP and a PBS are placed at each
CPBS output to perform Z measurements on the photons.
Depending on the PCM results, we can obtain final entan-
gled states involving different photon pairs, namely 1&11,
4&11, 1&10 or 4&10 (see Supplementary Information). So
far, the whole setup can be thought of as a 12-photon in-
terferometer. To verify its ability to manipulate 12 photons,
we measure the photon distribution in the Z basis and show
these results in Supplementary Information.
First, we carry out full tomographic measurements
on the four-photon GHZ state to reconstruct the den-
sity matrix ρreGHZ4 . Here, we choose the measure-
ment bases |k〉 |l〉 |m〉 |n〉, where |k〉 , |l〉 , |m〉 , |n〉 ∈
[|H〉 , |V 〉 , |D〉 , |A〉 , |L〉 , |R〉], with |D/A〉 = 1/p2(|H〉 ± |V 〉)
and |R/L〉= 1/p2(|H〉± i |V 〉). In principle, a total of 1296
measurement settings are needed. In practice, however,
the orthogonal states can be measured simultaneously,
meaning that only 81 measurement settings are required in
our experiment. For each setting, we record fourfold coinci-
dences for 60 s, yielding a coincidence rate of 370 s−1. This
enables us to reconstruct the density matrix ρreGHZ4 from the
measured data using the maximum likelihood method [31].
The results are shown in Fig. 3a. Ideally, the density matrix
of a four-photon GHZ state would consist of only four real
nonzero terms |0000〉 〈0000|, |0000〉 〈1111|, |1111〉 〈0000|
and |1111〉 〈1111|, and we can clearly see from Fig. 3a that
the structure of the experimental density matrix is close
to the ideal. We also use reconstructed density matrix to
calculate the fidelity F = 〈GHZ4|ρreGHZ4 |GHZ4〉 = 0.896,
which indicates that the prepared four-photon GHZ state is
genuinely four-partite entangled.
Next, we characterise the four PCMs experimentally. As
is well known that PCM devices can be completely char-
acterised by a measurement operator. If the PCM conduct
single-qubit projection measurements, its performance is
determined by the extinction ratio of PBS and HWP. In our
case, the high extinction ratio of (nearly) 1000 : 1 guar-
antees that the PCM device’s projection measurements are
correct. When two photons arrive simultaneously at a PCM
device, the frequency distinguishability (when not elimi-
nated by filters), is the dominant factor affecting the fi-
delity. To reconstruct the measurement operators M reΦ+ and
M reΨ+ , we perform quantum detector tomography on the
PCM [32] device, by preparing 16 quantum states |lm〉,
where |l〉 , |m〉 ∈ {|H〉 , |V 〉 , |D〉 , |R〉}, sending them into the
device, and recording the coincidence counts for each state
being in |Φ+〉 or |Ψ+〉 for 60 s. Again, we reconstruct
the measurement operators via maximum-likelihood esti-
mation method, and the results are shown in Fig. 3b-f. For
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FIG. 3. Experimental characterisation of the four-photon GHZ state and PCM device. a, Reconstructed density matrix of four-photon
GHZ state. b,c, Reconstructed BSM operators |Φ+〉 〈Φ+| and |Ψ+〉 〈Ψ+| with 3 nm filters. d,e, Reconstructed BSM operators |Φ+〉 〈Φ+| and
|Ψ+〉 〈Ψ+| with 8 nm filters. The empty and solid boxes denote the ideal and experimental results, respectively.
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FIG. 4. Experimental results for the 2 × 2 parallel all-photonic quantum repeater. a, The ratio r of entanglement generation
rate between all-photonic quantum repeater and the conventional parallel entanglement swapping, with different down-conversion
probabilities p. Here, the blue line denotes the theoretical value, whereas the diamonds denote the experiment results: r = 1.89± 0.10
for p = 0.0344± 0.0001, and r = 1.74± 0.07 for p = 0.0483± 0.0001. b-e, Measured fractions in XX , Y Y and ZZ bases for entangled
photon pairs 1&11, 4&11, 1&10 and 4&10, respectively. The corresponding fidelities are 0.587± 0.020, 0.598± 0.018, 0.597± 0.021
and 0.628± 0.019, respectively.
the PCM device with 3 nm filters, the fidelities of M reΦ+ and
M reΨ+ are FΦ+ = 0.815 ± 0.011 and FΨ+ = 0.834 ± 0.004,
and with 8 nm filters, they are FΦ+ = 0.819 ± 0.015 and
FΨ+ = 0.813±0.015. The high fidelities of the PCM devices
are crucial in implementing all-photonic quantum repeater.
In our experiments, we define the ratio r as entangle-
ment generation rate between the all-photonic scheme and
the conventional parallel entanglement swapping. In or-
der to exclude higher-order noise, we just register eight-
photon coincidence events. Then, the relationship between
5r and the down-conversion probability p can be written as
r = 2 − 4p + 2p2; in the limit as p tends to 0, r tends to
2 (see Supplementary Information). We record the eight-
fold coincidence events for the 2 × 2 parallel quantum re-
peater with p = 0.0344± 0.0001 over 39 hours. For com-
parison, we also record these events for the upper (lower)
channel of a conventional parallel entanglement swapping
by removing CPBS2 and CPBS5 (CPBS3 and CPBS4) with
the same p and duration. We evaluate the counting ratio
to be r = 1.89 ± 0.10. Then, we increase the power of
the pump laser to 720 mW and repeat this experiment with
p = 0.0483 for a duration of 22 hours, finding a ratio of
r = 1.74± 0.07. These results are shown in Fig. 4a.
Further, to determine the fidelity of entanglement states
shared between Alice and Bob, we decompose the density
matrix in terms of Pauli matrices:
|Φ+〉 〈Φ+|= 1
4
(I + XX − Y Y + ZZ), (1)
where Z = |H〉 〈H| − |V 〉 〈V |, X = |D〉 〈D| − |A〉 〈A|, and
Y = |R〉 〈R| − |L〉 〈L|. This means that we only need to
measure the state in three bases, i.e., XX , Y Y and ZZ .
For each bases we record eight-fold coincidence over 39
hours. The measured fractions for the final entangled pho-
ton pairs 1&11, 4&11, 1&10 and 4&10 are shown in Fig.
4b-e, respectively. Here, it is important to note that the
measured fractions of photon pairs 4&11, 1&10 are far
away from the uniform distribution, whereas those frac-
tions for the conventional parallel entanglement swapping
are uniform without any entanglement. The overall fidelity
is 0.606±0.010, which clearly indicates that the final shared
state is genuinely entangled. We also measured the fidelity
for p = 0.0483± 0.0001, finding a value of 0.546± 0.006
(see Supplementary Information). Thus, we fully demon-
strate a 2× 2 parallel all-photonic quantum repeater.
To sum up, we have successfully manipulated 12 pho-
tons experimentally and accomplished a proof-of-principle
demonstration of the all-photonic quantum repeater. Our
experiment adopted a GHZ state and a passive scheme to re-
alize the adaptive Bell measurement in the repeater nodes,
and achieved an enhancement in entanglement genera-
tion rate over the conventional parallel entanglement swap-
ping. Although the all-photonic scheme can remove quan-
tum memories at the intermediate repeater nodes, quantum
memories at the end nodes are still needed if Alice and Bob
demand a quantum output state. Even so, the memory time
at the end nodes required in the all-photonic scheme scales
only linearly with communication distance [23], while the
memory time of conventional quantum repeaters scales
polynomial or sub-exponential with the communication dis-
tance. Note however that, several protocols, such as quan-
tum key distribution [33] and non-local measurements, do
not demand strictly a quantum output state, but a shared in-
formation. Then, the memories at the end nodes can be re-
moved by using delay-choice entanglement swapping. That
is, Alice and Bob measure the local qubits first and wait for
the classical signals from intermediate nodes later. In fu-
ture, the all-photonic scheme is possible to be combined
with the matter-memory-based scheme: a RGS can relax
the requirement of long coherent time of quantum memory,
while a quantum memory can reduce the requirement of
large size of RGS. Overall, we believe that all-photonic and
matter-memory-based schemes are two important parallel
research directions towards a practical quantum repeater.
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MEMORY-BASED AND ALL-PHOTONIC QUANTUM REPEATERS
A schematic diagram of the standard memory-based quantum repeaters [6–8] is shown in Fig. 5a. The essence is the
quantum memory at the intermediate nodes Ci , which allows the realization of the selective Bell state measurement (BSM)
only on qubits that have successfully shared entanglement with distant nodes. Specifically, the quantum memory at Ci
allows the following two functions. First, the memory enables Ci to keep entanglement until it is informed/heralded of the
success/failure of the entanglement generation processes between neighbour nodes. Second, the independent accessibility
to them enables the node Ci to selectively apply the Bell measurement only to successfully entangled pairs.
In the original protocol of all-photonic quantum repeaters [23], illustrated in Fig. 5b, one could implement the two
functions by using the repeater graph states (RGS) and local feed-forward from the 2nd-leaf to the 1st-leaf qubits. Par-
ticularly, if the BSM between the signal photon and the 2nd-leaf photon succeeds, then we perform X measurement on
the corresponding 1st-leaf photon in order to connect the distant photons into the RGS. While the BSM fails, we perform
Z measurement on the corresponding 1st-leaf photon to break the 2nd-leaf photon off. It is important to note that the
local heralding signals are sent and received within the same nodes, which reduces the waiting time to zero, in principle.
Therefore, the RGS can replace the quantum memory to realize the selective BSM in a time-reversed manner.
For the end nodes of Alice and Bob, if they demand strictly a shared quantum output state, quantum memories at the end
nodes are required in both the standard memory-based scheme and the all-photonic scheme to determine which two photons
are finally entangled [23]. Note however that in the all-photonic scheme, the heralding signals for connecting different
channels are sent and received within the same nodes, so the transmission time of the heralding signals could be nearly
zero. Therefore, the memory time at the end nodes in the all-photonic scheme scales only linearly with communication
distance [23]. However, the memory time in the standard memory-based scheme scales polynomial or subexponential with
the communication distance [6, 8]. In our implementation, we use post-selection to determine the final entanglement at
the end nodes. Tab. I shows the post-selection results.
We remark that several quantum information science protocols, such as quantum key distribution [33] and non-local
measurements [34], do not demand strictly a quantum output state, but a shared correlated information. Then, the mem-
ories at the end nodes can be removed in the all-photonic scheme by introducing the method of delay-choice entanglement
swapping. That is, Alice and Bob could measure the local qubits first and wait for the classical signals from intermediate
nodes later. This would not lead to redundant errors.
PASSIVE IMPLEMENTATION OF THE SELECTIVE BSM
In the all-photonic scheme, the RGS at the intermediate nodes enables the selective BSM in a time-reversed manner,
i.e., switching between two functions: (i) establishing entanglement if the local BSM succeeds; and (ii) disentangling the
qubit if the local BSM fails. To simplify the implementation, we create an experimentally feasible scheme. We replace the
RGS with the GHZ state, and design the passive-choice-measurement (PCM) to realize the switching passively. On the one
hand, the GHZ state is local-unitary equivalent to a RGS. If we perform the Bell measurement between a qubit composing
an m-partite GHZ state and a qubit composing another n-partite GHZ state, we obtain an (m+ n− 2)-partite GHZ state,
which establishes the entanglement, i.e., function (i). If we perform the X -basis measurement on the GHZ state, we can
disentangle the unwanted qubit, i.e., function (ii).
One the other hand, we design the PCM to perform the switching between function (i) and function (ii) passively, rather
than actively, in order to make it possible with fewer single photons. Specifically, the PCM performs a BSM of function
(i), when a coincident detection occurs in the two outputs of the circular polarisation beam splitter (CPBS), whereas it
performs a standard projection measurement in the X basis of function (ii), when the photon is detected only in one of
the two outputs of the CPBS. We emphasize that when the BSM fails, the PCM device will automatically perform single-bit
measurement in X basis. It means that in our passive scheme, we do not need the active feed-forward gate operation to
decide which photon would be connected or disconnected. Therefore, we successfully realized the selective BSM in the
intermediate nodes, thus demonstrating one of the essences of the all-photonic scheme.
Next, we discuss the implementation of PCM in more detail. We use a circular PBS (CPBS), two normal PBS, and four
single photon detectors (SPD) to construct the PCM, as shown in Fig. 1d of the main text.
When only one photon from an N -qubit GHZ state, and no photon from the EPR pair, is subjected into the CPBS, the
GHZ state evolves as
|GHZ+N 〉 〈GHZ+N | CPBS−−→ |DL〉 〈DL | ⊗ |GHZ+N−1〉 〈GHZ+N−1|+ |AR〉 〈AR| ⊗ |GHZ−N−1〉 〈GHZ−N−1| , (2)
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FIG. 5. The illustration of memory-based and all-photonic quantum repeaters. a, Standard memory-based quantum repeaters. At
each intermediate node, the quantum memory (QM) is necessary to keep entanglement until it is informed/heralded of the success/failure
of the entanglement generation processes between neighbour nodes. Also, the QM enables the node Ci to selectively apply the Bell
measurement only to successfully entangled pairs. For instance, QM at C1 (C2) keeps the photon 1 (photon 8) until it is informed of
the success of the entanglement generation from Alice (Bob); QM at C3 enables the selective Bell state measurement (BSM) between
photon 3 and photon 6, if it is informed of the success of corresponding entanglement swapping from C1 and C2. b, All-photonic quantum
repeaters. At each intermediate node, we use the repeater graph states (RGS) to accomplish the task of selective BSM by a local feed-
forward from the 2ed-leaf to 1st-leaf photons. That is, if the BSM succeeds, then we perform X measurement on the corresponding
1st-leaf photon to connect distant photons into the RGS; While the BSM fails, we perform Z measurement on the corresponding 1st-leaf
photon to break the 2nd-leaf photon off.
where |GHZ+N 〉= 1/
p
2(|H⊗N 〉+ |V⊗N 〉) and the superscript L (R) denotes the photon come out from the left (right) output
port of CPBS. In this case, as shown in the Fig. 6a-b, the CPBS serves as a single qubit projector in X basis. It is obviously
that when the photon is detected only in the right (left) output port, the other photons collapse to a smaller GHZ state
|GHZ+N−1〉 (|GHZ−N−1〉) and the entanglement is not destroyed.
When two photon (one comes from the multipartite GHZ state and another one comes from an EPR pair) are subjected
into the CPBS, then they evolve as
|EPR〉 〈EPR| ⊗ |GHZ+N 〉 〈GHZ+N |
CPBS−−→1
2
|GHZ+N 〉 〈GHZ+N | ⊗ |Φ+2,3〉 〈Φ+2,3|+ 12 |GHZ
+
N 〉 〈GHZ+N | ⊗ |Ψ+2,3〉 〈Ψ+2,3|
+
1
2
|A1〉 〈A1| ⊗ |GHZ+N−1〉 〈GHZ+N−1| ⊗ |AL2DL3 〉 〈AL2DL3 |
+
1
2
|D1〉 〈D1| ⊗ |GHZ−N−1〉 〈GHZ−N−1| ⊗ |DR2AR3〉 〈DR2AR3| ,
(3)
where |EPR〉= 1/p2(|H1H2〉+ |V1V2〉). The four terms of Eq. (3) can be distinguished by the CPBS as shown in Fig. 6c-f.
In conclusion, we can divide all results above into two cases: (i) When the photons are detected in two output ports, the
PCM serves as a bell state analyzer; (ii) When the photons are detected only in left or right output port, the PCM serves
as a projector in X basis. It indicates that if the BSM fails, the entanglement of other photons may be not destroyed. The
smaller GHZ state |GHZ+N−1〉 or |GHZ−N−1〉 can also be used to connect other EPR pairs.
The analysis above is based on that the detector is perfect (the efficiency is 100%). However, in a practical apparatus, the
efficiency should not be 100%. With the imperfect device, we introduce an extra error into the result. In our experiment,
the overall system efficiency is 38% in average and the down-conversion probability is 0.0344 and 0.0483. Then the error
rate can be estimated as 1.04% and 1.45%. It can be ignored in our experiment.
8  𝐷
  A
  Φ+   Ψ+
  𝐷
  𝐷  A
  A
a b
d
e
c
f
1 2 31
1 1 2
2
2
3
3 3
FIG. 6. The illustration of Circular PBS (CPBS).
THE CORRESPONDING FINAL STATES WITH DIFFERENT RESULTS OF FOUR PCMS
In our scheme, with different results of PCM, we may obtain final entangled states with different photon pairs, namely
1&11, 4&11, 1&10 or 4&10. The table of respective final state according to different results of four PCMs is shown in
Table I.
TABLE I: Final states with different PCM results.
PCM1 PCM2 PCM3 PCM4 Final state
2 6 3 7 5 9 8 12 Alice Bob Form
Φ+ D Φ+ D 1 10 Φ+
Φ+ D Φ+ A 1 10 Φ−
Φ+ A Φ+ D 1 10 Φ−
Φ+ A Φ+ A 1 10 Φ+
Φ+ D Ψ+ D 1 10 Ψ+
Φ+ D Ψ+ A 1 10 Ψ−
Φ+ A Ψ+ D 1 10 Ψ−
Φ+ A Ψ+ A 1 10 Ψ+
Ψ+ D Φ+ D 1 10 Ψ+
Ψ+ D Φ+ A 1 10 Ψ−
Ψ+ A Φ+ D 1 10 Ψ−
Ψ+ A Φ+ A 1 10 Ψ+
Ψ+ D Ψ+ D 1 10 Φ+
Ψ+ D Ψ+ A 1 10 Φ−
Ψ+ A Ψ+ D 1 10 Φ−
9Ψ+ A Ψ+ A 1 10 Φ+
Φ+ D D Φ+ 1 11 Φ+
Φ+ D A Φ+ 1 11 Φ−
Φ+ A D Φ+ 1 11 Φ−
Φ+ A A Φ+ 1 11 Φ+
Φ+ D D Ψ+ 1 11 Ψ+
Φ+ D A Ψ+ 1 11 Ψ−
Φ+ A D Ψ+ 1 11 Ψ−
Φ+ A A Ψ+ 1 11 Ψ+
Ψ+ D D Φ+ 1 11 Ψ+
Ψ+ D A Φ+ 1 11 Ψ−
Ψ+ A D Φ+ 1 11 Ψ−
Ψ+ A A Φ+ 1 11 Ψ+
Ψ+ D D Ψ+ 1 11 Φ+
Ψ+ D A Ψ+ 1 11 Φ−
Ψ+ A D Ψ+ 1 11 Φ−
Ψ+ A A Ψ+ 1 11 Φ+
D Φ+ Φ+ D 4 10 Φ+
D Φ+ Φ+ A 4 10 Φ−
A Φ+ Φ+ D 4 10 Φ−
A Φ+ Φ+ A 4 10 Φ+
D Φ+ Ψ+ D 4 10 Ψ+
D Φ+ Ψ+ A 4 10 Ψ−
A Φ+ Ψ+ D 4 10 Ψ−
A Φ+ Ψ+ A 4 10 Ψ+
D Ψ+ Φ+ D 4 10 Ψ+
D Ψ+ Φ+ A 4 10 Ψ−
A Ψ+ Φ+ D 4 10 Ψ−
A Ψ+ Φ+ A 4 10 Ψ+
D Ψ+ Ψ+ D 4 10 Φ+
D Ψ+ Ψ+ A 4 10 Φ−
A Ψ+ Ψ+ D 4 10 Φ−
A Ψ+ Ψ+ A 4 10 Φ+
D Φ+ D Φ+ 4 11 Φ+
D Φ+ A Φ+ 4 11 Φ−
A Φ+ D Φ+ 4 11 Φ−
A Φ+ A Φ+ 4 11 Φ+
D Φ+ D Ψ+ 4 11 Ψ+
D Φ+ A Ψ+ 4 11 Ψ−
A Φ+ D Ψ+ 4 11 Ψ−
A Φ+ A Ψ+ 4 11 Ψ+
D Ψ+ D Φ+ 4 11 Ψ+
D Ψ+ A Φ+ 4 11 Ψ−
A Ψ+ D Φ+ 4 11 Ψ−
A Ψ+ A Φ+ 4 11 Ψ+
D Ψ+ D Ψ+ 4 11 Φ+
D Ψ+ A Ψ+ 4 11 Φ−
A Ψ+ D Ψ+ 4 11 Φ−
A Ψ+ A Ψ+ 4 11 Φ+
THE SIGNAL-TO-NOISE RATIO OF 12 PHOTONS
In our experiment, the whole setup can be considered as a twelve-photon interferometer. To obtain a higher coincidence
rate, just bandpass filters with λFWHM = 30 nm are set before the single photon detector to remove the small sidebands.
With a pump power of 700 mW we obtain a 12-photon coincidence rate of 1.2 h−1. To verify the ability of experimentally
manipulating twelve photons, we turn the circular PBS to a normal PBS by setting the surrounding HWPs at 0◦. Then the
10
FIG. 7. 12-photon coincidence counts measured in the |H〉/ |V 〉 basis
whole setup serves for generating twelve-photon mix states
ρ12 = v(|H⊗12〉+ |V⊗12〉)(〈H⊗12|+ 〈V⊗12|) + (1− v)2 (|H
⊗12〉 〈H⊗12|+ |V⊗12〉 〈V⊗12|). (4)
To characterize this state, we measure it in Z⊗12 basis and show that under the condition of registering a 12-fold coincidence
only the |H⊗12〉 and |V⊗12〉 components can be observed, but no others. The experimental data are shown in Fig. 7. The
signal-to-noise ratio defined as the ratio of the average of the desired components to that of the non-desired ones is 1420 : 1.
It indicates that the twelve photons can be well manipulated in our set-up.
DETAIL RESULTS WITH DOWN-CONVERSION PROBABILITY p = 0.0483
Due to the higher-order noise of SPDC process, the ratio r of entanglement generation rate between all-photonic quantum
repeater and conventional scheme is also influenced by the down-conversion probability, p. To verify the relationship of r
and p, we increase the power of pump laser to 720 mW and acquire another data point with p = 0.049 (shown in Fig. 4a
in main text). For a detailed characterization of the 2× 2 all-photonic repeater with p = 0.049, we also do tomographic
measurements [31] on the four-photon GHZ state. The reconstructed matrix is shown in Fig. 8 and the fidelity is calculated
as F = 0.877, which indicates the 4-photon GHZ states are genuine entangled. At last, we also examine the entanglement
of final photon pairs. In experiment We register 22 h eight-fold coincidence in XX, YY and ZZ basis respectively. The
measured fraction of final Entangled photon pairs 1&11, 4&11, 1&10, 4&10 are shown in Fig. 9a-d and the fidelity is
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FIG. 8. Reconstructed density matrix of 4-photon GHZ state with p = 0.0483± 0.0001.
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FIG. 9. The measured fractions of final entangled photon pair with p = 0.049. a-d, The measured fractions in basis XX, YY and ZZ with
final entangled photon pairs 1&11, 4&11, 1&10 and 4&10, respectively. The corresponding fidelities are 0.542± 0.012, 0.537± 0.010,
0.549± 0.012 and 0.554± 0.010.
calculated as 0.546± 0.006. It indicates the 2× 2 parallel structured all-photonic quantum repeater is fully demonstrated
with the down-conversion probabilityp = 0.0483± 0.0001.
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